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Introduction
Antiphospholipid syndrome (APS) is an autoimmune systemic disease characterized by one or more clinical episodes of venous or arterial thrombosis and obstetric complications, together with antiphospholipid antibodies (aPL) in serum [1] . Clinical complications may occur in these patients during followup. There is a lack of biomarkers to identify patients at risk for development of these clinical complications. To identify a biomarker the first step is the identification of a potential pathogenic role of the biomarker in the evaluated disease. Then the association between the biomarker and clinical outcomes should be assessed.
Activation of complement proteins by pathogenassociated and danger-associated molecular patterns induces generation of distinct effector molecules [2] . An association between aPL-induced morbidity during pregnancy and complement activation has been reported [3] [4] [5] . In murine models, complement plays an important role in fetal injury in animals with APS [6] . Serum complement proteins and function are commonly assessed to establish the degree of activation of this system in specific clinical conditions, although they have not been extensively assessed in patients with thrombotic APS [7] . Activation of T-cells has also been reported to play a role in the pathogenesis of specific models of thrombotic disease [8, 9] . Interestingly enough, the most common therapeutic interventions in thrombotic APS, such as warfarin or heparin, have the potential to decrease lymphocyte activation and complement activation, respectively [10, 11] . Recent research supports a role for the complement system in the regulation of T-cell responses [12] . In this study, we assessed specific complement system parameters and lymphocyte activation subsets to assess their relationship with thrombotic APS and to set up the hypothesis about their potential role as biomarkers of clinical outcome in a prospective study.
Patients and Methods

2.1.
Patients. The present study was performed in two parts: the first part was a cross-sectional case-control study to assess the relationship between immunological biomarkers and thrombotic APS; the second part was a prospective followup study that used the immunological study as baseline to assess whether the evaluated immunological biomarkers are potential candidates for identifying patients at risk of APSrelated complications.
We included 38 patients with thrombotic APS. APS was diagnosed according to the Sydney classification criteria [1] . None of the patients had comorbidities associated with impaired complement levels, including full-blown systemic lupus erythematosus (SLE) or other systemic autoimmune diseases, chronic liver disease, recent opportunistic infections (last 6 months), and suspicion of a complement primary immunodeficiency (previous history of recurrent bacterial infections). The patients' blood was not examined in the acute phase of thrombosis. None of the patients had thrombotic episodes in the previous 3 months. No patients used heparin or its derivatives during the study or in the 3 months before the study; this may have modified complement activation. Most patients were given antithrombotic agents. Arterial events such as stroke, pulmonary embolism, and myocardial infarction were confirmed by computed tomography (CT) scan, magnetic resonance imaging (MRI), or angiography. Deep vein and arterial thrombosis were confirmed by Doppler echography or angiography.
Controls.
The control groups comprised 14 aPL positive patients without APS-related clinical criteria, 16 systemic lupus erythematosus (SLE) patients, and 52 healthy individuals. Within aPL positive controls, all of them had autoimmune diseases ( Table 1) . None of these controls had full-blown SLE. SLE controls did not have clinical flare-ups during the 3 months before the study. None of the SLE patients had any laboratory criteria of the APS syndrome.
A questionnaire was administered to ensure that none of the healthy controls had any disease associated with altered complement levels.
Plasma and Serum Sample Collection.
Immunological studies were performed the first time the patients were evaluated at the clinical immunology unit. Blood was extracted by venipuncture and collected into serum or plasma tubes. For serum extraction, the sample was left to coagulate for 30 minutes before being centrifuged at 1800 rpm for 5 minutes.
aPL Determination.
The levels of IgG and IgM anticardiolipin (aCL) and IgG and IgM anti-2 glycoprotein ( 2GPI) antibodies were determined using standard ELISA assays (Fresenius, Bad Homburg, Germany). Levels of lupus anticoagulant (LA) were measured using the assays recommended in the guidelines of the International Society on Thrombosis and Haemostasis.
Serum Quantification and Functional Assessment of
Complement Proteins. Levels of C3, C4, and factor B were measured using nephelometry with normal ranges of 83-172 mg/dL, 17-51 mg/dL, and 19-50 mg/dL, respectively (Beckman-Coulter, California, USA). CH100 was measured using radial immune diffusion with a normal range of >70 units/mL (Sanofi-Pasteur, Paris, France). These parameters are included in the protocol of all patients who are evaluated for the first time at the clinical immunology unit.
Evaluation of Activated CD4 and CD8 T-Cells.
We performed a substudy of 18 patients, 14 aPL positive controls, 10 SLE patients, and 30 healthy controls. This substudy was not included in routine analyses. We previously investigated the association between levels of CD4 and CD8 subsets and obstetric APS [13] , unexplained recurrent miscarriage [14] , and chronic infectious diseases in patients who develop thrombosis [15] . In addition to the exclusion criteria set out above, the patients were not immunized and did not have active infections during the 6 months before the immunological study. The monoclonal antibodies used were directly conjugated with fluorescein isothiocyanate (FITC; FL1), phycoerythrin (PE; FL2), or peridinin chlorophyll protein (PerCP; FL3). We enumerated T-cell subsets using FITC/PE/PerCP combinations of HLADR/CD38/CD4, HLA-DR/CD25/CD4, CD28/HLADR/CD8, and isotypical controls. Lymphocyte staining was carried out using a whole-blood lysis technique, according to the recommended methodology and quality control procedures. Stained samples were analyzed using a FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA) with CellQuest Pro software (Becton Dickinson).
Clinical Followup.
To assess the potential impact of the evaluated abnormalities on clinical outcome, patients were scheduled to return to the clinical immunology unit at 6-month intervals. The revised criteria for the classification of SLE were used [16] . The cognitive symptoms inventory was used in patients with SLE (21-item questionnaire) to screen for difficulties in daily activities involving intermediate memory, concentration, attention, and executive function. Severe cognitive dysfunction was defined as a score ≥2 standard deviation (SD) below the mean in domains of attention, memory, and psychomotor speed, as compared to normative data [17] . To evaluate the inflammatory status of patients and disease controls, C-reactive protein (CRP assessed by nephelometry), rheumatoid factor (RF assessed by nephelometry), and erythrocyte sedimentation rate (ESR) were included. The disease activity status of SLE controls was assessed by the SLE Disease Activity Index (SLEDAI) [18] . 
Results
Distribution of aPL.
The distribution of aPL was as follows: IgG aCL only, = 8 (21.1%); IgG aCL and IgG anti-2GPI, = 7 (18.4%); IgM aCL and IgM anti-2GPI, = 1 (2.6%); triple positivity (LA, aCL, and anti-2GPI positive), = 20 (52.6%); other, = 2 (5.3%).
Serum Complement Levels and Hypocomplementemia in Patients with Thrombotic APS.
The demographic and clinical characteristics of patients and controls are shown in Table 1 . Patients with thrombotic APS showed significantly lower levels of C3, C4, and CH100 than healthy controls ( Table 2 ). The prevalence of lower levels of C3 and C4 (defined as a concentration below the lower limit of normal) was higher in patients than in healthy controls (Table 2) . Factor B concentrations were similar in patients and healthy controls. Only one patient had lower serum concentrations of factor B. Mean serum complement concentrations and prevalence of hypocomplementemia were similar in thrombotic APS patients as compared with aPL positive controls ( Table 2) . SLE controls disclosed significantly lower C3 concentrations than thrombotic APS patients. 
Association between Laboratory and Clinical Abnormalities and Complement
Levels. Serum levels of C3 and C4 were significantly lower in APS patients with high titers of IgG or IgM aCL (defined as >80 units, Table 3 ). Patients with positive LA activity showed significantly lower C3 levels than those with negative activity (87 ± 17 versus 109 ± 30 mg/dL, = 0.014). Patients with triple positivity disclosed significantly lower serum concentrations of C3 than patients without triple positivity (86 ± 18 versus 111 ± 28 mg/dL, = 0.003). No significant differences were observed between the concentration of the different complement proteins and CH100 when APS patients with positive antinuclear antibodies (ANA, IIF titer >160, = 8) were compared with those without positive ANA, not even when the patients were stratified by anti-DNA antibodies ( = 6) ( Table 3) . Patients with thrombopenia showed significantly lower CH100 levels ( Table 3 ). The presence of risk factors for thrombosis was not associated with complement levels or activity (Table 3) .
Activated Lymphocyte Subsets.
Patients with thrombotic APS had significantly higher percentages of activated CD4+DR+ and CD8+DR+ T-cells than healthy individuals but similar percentages to that observed in aPL positive and SLE controls (Figure 1 ). There was no association between lymphocyte activation subsets and high titer of aCL, presence of LA, or triple positivity. CD4+CD38+DR+ percentage was significantly higher in autoimmune disease controls as compared with thrombotic APS patients (Figure 1) . The percentage of CD4+ cells coexpressing CD38 and HLA-DR increased progressively from thrombotic APS to SLE patients (Figure 1) , while the percentage of CD4+ cells coexpressing CD25 and HLA DR tended to be higher in APS patients. Interestingly the ratio of CD4+CD25+DR+/CD4+CD38+DR+ cells was significantly higher in thrombotic APS patients as compared with disease control groups (1.3 ± 0.5, 0.83 ± 0.4, and 0.59 ± 0.36 in APS patients, aPL positive controls, and SLE patients, resp., = 0.004).
No significant correlation was observed between complement levels and T-cell subset percentages (Table 4) . C4 values tended to be negatively correlated with activated CD4+DR+ and CD8+DR+ cells (Table 4) .
Relationship between Immunological
Biomarkers and Clinical Course 3.5.1. Complement Factors. During the clinical followup performed after the immunological study (mean, 56 months), 11 patients (28.9%) developed APS-related clinical complications (progress to SLE ( = 2), epilepsy ( = 2), severe cognitive dysfunction ( = 4), rethrombosis ( = 1), idiopathic thrombocytopenic purpura ( = 1), and premature arteriosclerosis [1] ). Baseline serum concentrations of C3, C4, and CH100 were significantly lower in patients who later developed complications than in patients who were free of APS-related complications (86 ± 26 versus 107 ± 24 mg/dL ( = 0.042), 13 ± 7 versus 21 ± 8 mg/dL ( = 0.01), and 21 ± 17 versus 53 ± 16 U/mL ( = 0.007), resp.). When we stratified the patients in two groups according to the median values of complement factors, those patients with lower C3 levels (<90 mg/dL) were at higher risk for development of complications (OR 9.99 95% CI, 1.03-97.5, = 0.047).
In APS patients C3 levels disclosed a significantly negative correlation with rheumatoid factor (2-tailed Spearman's correlation coefficient ( ): −0.56, = 0.036). C4 levels also correlated with rheumatoid factor ( : −0.60, = 0.02). CH100 levels negatively correlated with CRP ( : −0.69, = 0.006) and with rheumatoid factor ( : −0.57, = 0.035). In aPL positive controls we found a positive correlation between C4 levels and serum CRP ( : +0.63, = 0.028). In SLE controls we did not find significant correlations between complement levels and rheumatoid factor, CRP, or ESR.
In SLE patients, CH100 levels disclosed a significantly negative correlation with the SLEDAI index ( : −0.75, = 0.013). High-titer aCL, IgG, or IgM anticardiolipin antibodies >80 U/mL. High-titer antinuclear antibodies (ANA) >1/160. High anti-DNA >20 IU/mL. Thrombocytopenia, platelet count < 100,000/ L. Risk factors include arterial hypertension, portal hypertension, atrial fibrillation, dyslipidemia, homocysteinemia, hypergammaglobulinemia, and smoking. 
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T-Cell Subsets.
During the clinical followup, 6 patients (33.3%) developed APS-related complications (progress to SLE ( = 1), epilepsy ( = 2), severe cognitive dysfunction ( = 1), and rethrombosis ( = 2)). This subgroup of patients had significantly higher percentages of CD8+DR+ Tcells (51±20 versus 32±8%, = 0.0007) in the baseline study. When we stratified the patients in two groups according to the median values of lymphocyte subsets, those patients with higher CD8+DR+ levels (>40%) were at higher risk for development of complications (OR 14.9, 95% CI 1.21-185.2, = 0.034) (Figure 2) . None of the evaluated clinical variables (sex (male versus female), age (>50 years versus <50 years), presence of risk factors of thrombosis, presence of triple aPL positivity, and presence of high titer antiphospholipid antibodies) were associated with development of complications (data not shown). In multivariate logistic analysis, higher percentages of CD8+DR+ (>40%) cells remained as a risk factor for 
Discussion
In this study, we aimed to explore whether there was an association between levels of complement factors and of Tcell activation and clinical events. We took advantage of a long term followup of our patients in the clinical immunology unit of our hospital. In the baseline evaluation, we detected lower C3 and C4 levels in patients with high titers of aCL or triple positivity. This association supports the hypothesis of complement activation in thrombotic APS. More interestingly, in the prospective follow-up phase of the study, lower C3 complement levels and increased CD8+DR+ T-cell values were risk factors for the development of APS-related clinical complications. Even if our study was performed in few patients, higher CD8+DR+ T-cell percentages were an independent risk factor for development of complications. Poor pregnancy outcomes have been described among primary APS pregnancies with hypocomplementemia [19] . The percentage of circulating CD8+DR+ T-cells has been suggested as a biological marker which accurately reflects disease activity in SLE patients [20] . Given the lack of useful biomarkers to assess the risk of clinical progression in thrombotic APS patients, these parameters are good candidates for further evaluation in a future multicenter prospective study with greater number of patients and greater power to predict APS-related complications.
In the evaluation of the relationship of the biomarkers with thrombotic APS, we found lower concentrations of complement factors in patients with thrombotic APS as compared with healthy controls. Infections, injuries, and other types of biological stress can activate the complement system [2] . We excluded patients with known causes of low complement activity at the time of sample collection. In our study, the complement activation status of these patients was similar to that observed in aPL positive patients with distinct autoimmune conditions who lacked APS clinical criteria and in SLE patients. In thrombotic APS, no association was detected between the presence of other tested autoantibodies and complement factors, suggesting that hypocomplementemia might be aPL dependent. It has been suggested that a proinflammatory state may coexist with thrombotic 7 APS. In fact, accumulated evidence indicates that tissular ischemia or platelet aggregation may induce complement activation [8, 9] . The hypocomplementemia pattern that we observed affected C3 and C4, indicating that complement activation in thrombotic APS is produced mainly via the classic pathway. It was recently reported that patients with aPL had significantly increased levels of complement activation products [21] . Hypocomplementemia can be associated with increased immune complex formation. Oku et al. [7] found high immune complex levels in patients with primary APS. Carbone et al. [3] reported that 91% of women diagnosed with obstetric APS had high levels of circulating immune complex. Recently, complement activation affecting platelets was shown to be involved in vascular inflammation and thrombosis [22] . Interestingly, in our study, the relationship between complement values and inflammatory markers was better observed in APS patients than in aPL positive and SLE controls. The role of complement-mediated inflammation in reproductive failure in APS and the potential role of the immune modulation of the complement system (i.e., by the use of complement inhibitor therapies) in future studies have been discussed in recent publications of the 14th International Congress on Antiphospholipid Antibodies Task Force Reports [23, 24] .
A limitation of our study is that complement split products were not evaluated. These products, rather than C3 and C4 levels, reflect more accurately complement activation. Complement activation products (C3a, C5a, and C5b-9) are able to activate endothelial cells, which result in loss of their antiinflammatory and antithrombotic potential. Direct determination of complement split products should be included in future studies.
We previously described increased levels of activated T-cell subsets in women with obstetric APS [13] . We also reported that higher levels of activated T-cells were associated with thrombosis in patients with HIV disease [15] . Although we performed the immunophenotypic study in only a small subgroup of patients, the results suggest that thrombotic APS is also associated with increased levels of T-cell activation. This hyperactivation status might be associated with reactivity against beta-2-glycoprotein-I, which has been previously demonstrated in APS [25] . On the other hand, higher percentages of T-cell activated subsets in thrombotic APS patients were similar to that described in patients with other systemic autoimmune diseases including SLE [26] . This immunophenotypic pattern of immune activation in thrombotic APS patients involved a higher expression of HLA class II (HLA-DR) molecules on CD4 and CD8 lymphocytes. A distinctive characteristic of thrombotic APS patients was the presence of a normal ratio of CD4+ cells coexpressing the alpha chain of the IL-2 receptor (CD25) over CD4+ cells coexpressing CD38 as compared with healthy controls, but higher than that observed in both disease control groups. As CD38 expression by CD4+ cells has been associated with low IL-2 production [27] , these later results support the hypothesis that a proinflammatory Th1 immunophenotypic profile is predominant in thrombotic APS patients [28] .
An interesting finding was the observation of the highest coexpression of CD38 and HLA-DR on CD4+ cells in SLE patients in agreement with recent studies describing that increased CD38 expression in T-cells was more prevalent in clinically active SLE [29] . A bias for IL-13 secretion has been described in CD4+CD38+ cells [27] . Th2 cytokines are involved in promoting humoral immunity including induction of IgE synthesis and promoting MHC class II expression. Increased autoreactive IgE autoantibodies have been recently described in SLE patients [30] .
